Neuregulins are highly expressed in the CNS, especially in cholinergic neurons. We have examined the effect of neuregulin on nicotinic acetylcholine receptors (nAChRs) in neurons dissociated from the rat hippocampus. Rapid application of acetylcholine (ACh) induced a rapidly rising and decaying inward current in some of the neurons, which was completely blocked by methyllycaconitine, a specific antagonist of the ␣7 subunit of the nAChR. When the cells were treated with 5 nM neuregulin (NRG1-␤1) for 2-4 d, a twofold increase in amplitude of the peak ACh-induced current was observed, and there was a comparable increase in 125 I-␣-bungarotoxin binding. The fast ACh-induced peak current was prominent in large neurons that also contained GABA immunoreactivity. These presumptive GABAergic neurons constituted ϳ10% of neurons present in 7-to 9-d-old cultures. In addition to the large inward peak current, ACh also evoked transmitter release from presynaptic nerve terminals. Pharmacologic experiments indicated that the shower of PSCs was mediated by glutamate, with a small minority caused by the action of GABA. Chronic exposure to NRG1-␤1 increased the amplitude of ACh-evoked PSCs but not the minimum "quantal" PSC. NRG1-␤1 also increased the percentage of neurons that exhibited ACh-evoked PSCs.
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ARIA is a 42 kDa glycoprotein purified from chick brain on the basis of its ability to stimulate the synthesis of acetylcholine receptors (AChRs) in cultured chick myotubes (Usdin and Fischbach, 1986; Harris et al., 1988; Falls et al., 1993) . It also showed that it is a member of a family of proteins encoded by the neuregulin 1 (NRG1) gene. Other founding members of the family include glial growth factor Marchionni et al., 1993) , neu differentiation factor (NDF; Wen et al., 1992) , and heregulin (HRG; Holmes et al., 1992) . At present, ϳ15 NRG1 isoforms have been identified that differ because of alternative mRNA splicing, alternative promoter use, or both. All members of this family contain an epidermal growth factor-like (EGF-L) domain, and they all activate receptor-tyrosine kinases that are related to the EGF receptor (Carraway and Burden, 1995; Lemke, 1996; Fischbach and Rosen, 1997 ). In the current nomenclature (Meyer et al., 1997) , ARIA (like NDF and heregulin) is a type 1-␤1 isoform of the NRG1 gene. It has an Ig domain N-terminal to the EGF-L domain (type 1), and the EGF-like domain ends in a ␤1 configuration. Three other neuregulin genes have been identified in the past few years (Carraway et al., 1997; Zhang et al., 1997 Zhang et al., , 1998 Harari et al., 1999) .
In all of the original members of the NRG1 family, the 55-to 60-amino acid EGF-like region in the extracellular domain is essential for neuregulin binding and for all known NRG1 actions. ␤ isoforms are ϳ1000 times more potent than are ␣ isoforms on muscle cells, Schwann cells, and neurons. Therefore, in this study, we used the recombinant EGF-like domain of human heregulin ␤1 (HRG 217-246 ; Holmes et al., 1992) and will refer to it simply as "NRG1-␤1". ARIA and perhaps other NRGs play important roles at the vertebrate neuromuscular junction. Heterozygous mice in which Ig-containing NRG isoforms have been disrupted (Kramer et al., 1996) in one allele are myasthenic (Sandrock et al., 1997) . ARIA was purified from brain tissue, and NRG1 mRNA is highly expressed in the brain (Falls et al., 1993; Meyer and Birchmeier, 1994; Corfas et al., 1995; Gassmann and Lemke, 1997; Eilam et al., 1998) . Because neuregulin is expressed in cholinergic neurons throughout the rodent brain , investigating NRG actions on nicotinic AChRs in potential target neurons is obvious. Earlier work in this laboratory has shown that the EGF-like domain of neuregulin 1 (EGF-␤1) can increase the expression of nicotinic AChRs (nAChRs) on neurons dissociated from the rat interpeduncular nucleus (IPN; Wietasch, 1997) . In this paper we report effects of NRG1-␤1 on nAChRs in neurons dissociated from the hippocampus. Recent studies have shown that GABAergic interneurons, identified in hippocampal slices, are extremely sensitive to applied ACh and nicotine and bind ␣-bungarotoxin (Freedman et al., 1993; Jones and Yakel, 1997; Frazier et al., 1998a,b; Rory McQuiston and Madison, 1999) . We have found the same pattern of sensitivity in cultured hippocampal interneurons. Evidence is presented that neuregulin increases the number of nACh receptors on these cells and also the number of nACh receptors on nerve terminals that innervate them.
MATERIALS AND METHODS
Culture of hippocampal neurons. Young (3-to 5-d-old) male Sprague Dawley rats were used for all experiments. Housing and treatment of all animals were in accordance with institutional guidelines. Animals were decapitated, and their brains were rapidly removed and placed in cold dissection medium (DM) containing: (in mM) 90 Na 2 SO 4 , 30 K 2 SO 4 , 5.8 MgC l 2 , 0.25 C aC l 2 , and 1 H EPES. Hippocampal tissue from both hemispheres was gently removed and cut into small pieces. The tissue was digested for 30 min at 37°C in DM solution containing 10 mM Mg 2ϩ , 1 mM kynurenic acid, and 20 U/ml papain (Worthington Biochemicals, Freehold, NJ). After digestion, the tissue was washed and triturated with fire-polished Pasteur pipettes.
Neurons were purified by centrif ugation through a discontinuous density gradient similar to that described by Brewer (1997) . Briefly, cells released by trituration were applied to the top of a gradient of Optiprep (Life Technologies, Inc., Gaithersburg, MD; catalog #1030061) in a 15 ml centrif uge tube. The gradient was made in four 1 ml steps of density at 0.406, 0.29, 0.232, and 0.174 mg /ml (initial density, 1.32 gm /ml) in serum free growth medium (GM) made up of DM EM, 1ϫ B27, 1 mM sodium pyruvate, 2 mM L-glutamine, 50 U of penicillin, and 50 g /ml streptomycin. After centrif ugation at 1900 rpm for 15 min at room temperature, neuron-enriched fractions were collected, diluted into 5 ml of serum-free GM, and centrif uged again for 5 min at 1000 rpm to remove the Optiprep. C ell pellets were resuspended in GM containing 4% fetal calf serum. For electrophysiological experiments, cells were plated on glass coverslips (Bellco Glass Inc.) at a density of 25,000 to ϳ40,000 cells/cm 2 . For autoradiography and immunohistochemistry, cells were plated in chambers on a four-well glass slide (Nalge Nunc International). For receptor binding experiments, cells were plated in 48-well plates at a density of ϳ200,000 cells/cm 2 . Coverslips and dishes were coated with 0.1 mg /ml poly-D-lysine and 0.025 mg /ml laminin. C ells were maintained at 37°C in a 5% C O 2 incubator. After 5 d in culture, medium was changed to a low-serum (0.5%) GM in the absence or presence of N RG1-␤1. Hippocampal neurons were studied after 2-4 d of treatment with N RG1-␤1.
Electrophysiolog y. Whole-cell patch-clamp recording was performed at the cell soma of the cultured hippocampal neurons. Currents induced by different agonists were recorded from neurons using the standard patchclamp technique. The signals were filtered at 2 kHz using an Axopatch 200B amplifier (Axon Instruments) and directly sampled using pCL AM P7 software (Axon Instruments). C ells were superf used at a rate of 2 ml /min with an external bath solution containing (in mM): 125 NaC l, 26 NaHC O 3 , 1.25 NaH 2 PO 4 , 2.5 KC l, 1 MgC l 2 , 2 CaCl 2 , and 25 glucose saturated with 95% O 2 and 5% C O 2 . Patch electrodes were made from glass pipettes (V W R Micropipets; catalog #53432-921) and pulled on a electrode puller (Sutter Instrument Co.). The resistance of the pipettes ranged from 3 to 8 M⍀ when filled with an internal solution that consisted of (in mM): 35 C sF, 100 C sC l, 10 EGTA, and 10 H EPES, adjusted to pH 7.3 with C sOH. An ATP-regenerating system (20 mM phosphocreatine and 5 mM ATP Tris salt) was included in the internal recording solution. The holding potential was Ϫ70 mV. No series resistance compensation or leak subtraction was performed.
All experiments were performed at room temperature and performed in the absence of TTX unless stated otherwise. The peak amplitudes of ACh-evoked PSC s were measured using Mini Analysis software (Synaptosoft Inc.). To estimate PSC amplitude, when the PSC occurred during the falling phase of a preceding synaptic current, the baseline was estimated by extrapolating the decay of the first peak at the location of the second peak, using a first-order exponential f unction. Then the peak amplitude was calculated by taking the amplitude at the second peak minus the extrapolated baseline. Statistic significance was evaluated using two-tailed, unpaired t test.
Agonist and antagonist application. Drugs were applied through a modified U tube positioned above the cells within a distance of 60 -80 m from the surface of the test neuron (Alkondon and Albuquerque, 1993; Alkondon et al., 1999 ). An elliptical ϳ100 m hole was made on the bottom of a glass U tube. The in-flow rate was 0.25 ml /min, and the out-flow rate was 0.5 ml /min. The direction of fluid flow in and out of the U tube hole was controlled by computer-driven valves. This system allowed rapid application of the agonist without leakage, which is crucial for receptors such as the nAChR, which desensitize rapidly and at a low ACh concentration. Antagonists were applied via the external bathing physiological solution and were also included with the agonist in the U tube system. Inputs to the U tube were controlled by manual valves.
125 I-␣-bungarotoxin binding. To measure specific binding, hippocampal neurons were plated in 48-well plates and cultured for 5 d as described above. C ells were then treated with 5 nM N RG1-␤1 for 3 d. After treatment, all nAChRs were blocked with unlabeled ␣-bungarotoxin (␣-BTX; 0.1 M) for 1 hr at 37°C. To measure the incorporation of new receptors into the surface membrane (a measure of the rate of receptor synthesis), plates were washed, and fresh medium containing 1 nM 125 I-BTX (specific activity, 2000C i /mmol; Amersham Pharmacia Biotech, Arlington Heights, IL) was added. Plates were returned to the incubator for 5 hr at 37°C. The cells were washed and solubilized, and radioactivity was counted in a gamma counter. Nonspecific binding of 125 I-BTX was measured in the presence of 1 M unlabeled bungarotoxin. Each sample was assayed in triplicate. Results are presented as mean Ϯ SEM. Statistical significance was determined by Student's t test. For autoradiography, cells were cultured on glass slides as described above. After treatment with N RG1-␤1 for 2 d, cells were washed twice with DM EM and incubated for 1 hr at 37°C in binding buffer containing 1 nM 125 I-BTX. Nonspecific background was determined by adding 1 M unlabeled ␣-BTX in the medium. After incubation, cells were washed with HBSS and 0.2% BSA three times for 5 min each. C ells were fixed with 3% glutaraldehyde at room temperature for 25 min and then washed three times with HBSS and 0.2%BSA for 5 min each. C ells were dried at 4°C overnight and then subjected to emulsion autoradiography (N TB-3; Eastman Kodak, Rochester, N Y; diluted 1:1 with water). Slides were then air-dried again and stored in the dark for 2 d at 4°C. Slides were developed according to the manufacturer's instructions (Kodak).
Grains, detected under dark-field illumination, were marked by applying a threshold criterion and then counted by hand. Grain densities were estimated using MetaMorph Imaging System software (Universal Imaging Corp.). C ell areas were calculated after outlining cell bodies and major neurites. Background was estimated by counting grains over the same area displaced to a nearby cell-free locus. Forty-five neurons from control and N RG1-␤1-treated groups were randomly chosen for analysis. Results are presented as mean Ϯ SEM. Statistical significance was determined by Student's t test.
Immunohistochemistr y. Hippocampal neurons were prepared as described above. C ells were fixed with 4% paraformdehyde for 30 min at room temperature and preblocked and permeablized by incubation in 5% normal goat serum with 0.2% Triton X-100 in PBS for 60 min. C ells were incubated in the same solution containing a primary antibody to GABA (1:5000, rabbit polyclonal antibody; Sigma, St. L ouis, MO) and an AChR ␣7 subunit (1:2000, monoclonal antibody; Sigma) overnight at 4°C. Slides were rinsed in PBS and incubated for 1 hr with an FI TCconjugated goat anti-rabbit antibody (1:200) and a C y3-conjugated goat anti-mouse IgG secondary antibody (1:500; Jackson ImmunoResearch, West Grove, PA). C ells were then rinsed in PBS, mounted on slides, and visualized by fluorescence microscopy.
Reagents. Recombinant N RG1-␤ 1 EGF-like domain was from R & D Systems (Minneapolis, M N). ACh, ␣-BTX, TTX, phosphocreatine, ATP Tris and 6-cyano-7-nitroquinoxaline-2,3-(1H,4H)-dione (C NQX) were purchased from Sigma. D-APV, GABA, bicuculline methochloride, and methyllycaconitine citrate (ML A) were obtained from Tocris. All drugs and solutions were made fresh from drug stock solutions and dissolved in an external bath solution.
RESULTS

ACh-evoked currents in cultured hippocampal neurons
Cells were dissociated from hippocampi of 5-d-old rats, and a neuron-enriched cell suspension was obtained by centrifugation through a nonionic iodixanol gradient. One week after plating, large neurons (Ն20 M across; Fig. 1 A-C) and small neurons (Ͻ20 M across; Fig. 1 D) were present. Large neurons were fusiform, triangular (pyramidal), or multipolar shaped (Fig. 1) . Counts of cells in randomly selected fields showed that small nerve cells outnumbered large ones by a ratio of ϳ10:1.
Rapid application of 3 mM ACh to large neurons from a U tube positioned 60 -80 m away resulted in a large inward current that peaked in ϳ10 msec and decayed in 20 -30 msec (Fig. 2 A) . The rapid decay occurred despite persistent ACh application, so it is likely attributable to receptor desensitizations. In a series of 97 large neurons, fast, transient currents were observed in 67 (69%). At a holding potential of Ϫ70 mV, the peak current was 1.38 Ϯ 0.14 nA (n ϭ 81). The fast current was seen in all types (shapes) of large neurons. In some cells, the initial inward current was followed by a shower of brief, small inward currents or sharp spikes. Such showers probably reflect transmitter release from presynaptic boutons and will be discussed below (see Fig. 7 ).
Superfusion with 10 nM MLA, a selective and potent antagonist of ␣7 subunit-containing nicotinic receptors (Ward et al., 1990) , completely blocked the transient ACh-evoked currents (Fig. 2 B) . Further evidence for ␣7-containing receptors in large neurons was obtained by autoradiography after exposure to 125 I-BTX, a snake toxin that binds with high affinity to ␣7 subunitcontaining nAChRs (Couturier et al., 1990; Seguela et al., 1993) . Of 58 large neurons identified, 38 (65%) were labeled by 125 I-BTX (Fig. 2C,D) .
125 I-BTX-positive cells represented Ͻ10% of all neurons (small plus large) present.
In ϳ16.5% (16 of 97) of the large neurons, the ACh response was biphasic, with the initial fast phase followed by a slowly rising current that lasted for Ͼ1 sec (Fig. 3) . MLA did not block this late, slow component, suggesting that non-␣7-containing nAChRs were also present on these cells. The remaining large neurons (14.5%) did not respond to ACh at all.
ACh currents were only rarely detected in the smaller neurons, and when present, they were Ͻ0.2nA. Small cells were judged to be neurons because they extended two or more fine processes from their cell bodies, because they received synaptic input as judged by the appearance of discrete PSCs, and because inward currents could be evoked when the membrane was depolarized under voltage-clamp conditions. All data presented below were collected from the relatively large-diameter neurons.
Large neurons that express ␣7 nAChRs are probably GABAergic
To determine whether the ACh-sensitive neurons in our cultures contain GABA, permeablized cells were labeled with an antibody raised against GABA. We analyzed only the fields that included at least one large neuron. Of 42 large neurons identified, 27 (64%) were intensely labeled. This is essentially the same as the percentage of large neurons that exhibited transient ACh currents (69%). There were 158 small neurons in the same fields of view. Only 8 (5%) were labeled with the anti-GABA antibody. Because less than half of the randomly selected fields included large neurons, we estimate that Ͻ10% of all neurons under our culture condition were GABA-positive.
In some experiments, neurons were double-labeled with anti-GABA and anti-␣7 ACh subunit antibodies. All (100%) GABApositive neurons were intensely labeled with the anti-␣7 AChR antibody (Fig. 4) . Some small GABA-negative neurons also stained with the anti-␣7 antibody, but the staining was less intense than in the GABA-positive large neurons. Altogether, ϳ30% of the small neurons were labeled above background with anti-␣7 antibody.
Neuregulins increase ACh-induced peak inward currents and ␣7-BTX binding
Treatment of cells with 5 nM NRG1-␤1 for 2 d increased the response of large neurons to ACh. The peak inward current was increased more than twofold ( Fig. 5, 238% ; p Ͻ 0.01). The effect of neuregulin was also evident after 3 or 4 d of treatment (Fig.  5B ), but the amount of fold increase was not as great, because there was an increase in ACh sensitivity of untreated cells with time in culture. Treatment of cultures with 5 nM NRG1-␤1 also increased the percentage of large neurons that responded to ACh from 69% (67 of 97) to 93% (64 of 69), suggesting that NRG1-␤1 increased nAChR expression in neurons that had few if any nAChRs before treatment. Treatment with 1 nM NRG1-␤1 for 2 d had no significant effect. Our data are limited to the fast, transient ACh currents, because slowly falling ACh currents were rarely observed (see Fig. 3 ).
Study of 125 I-BTX binding on cultured neurons confirmed the electrophysiological measurement. Specific binding of 125 I-BTX was significantly increased after treatment with 5 nM NRG1-␤1 for 2 d (Fig. 6 A) . An increase in binding was observed after exposure to 1 nM NRG1-␤1. The increase was small, but it was statistically significant (123%; p Ͻ 0.001).
Autoradiography of cultured neurons led to the same conclusion (see Fig. 2 ). The grain density over individual neurons was significantly increased after treatment with 5 nM NRG1-␤1 (0.36 Ϯ 0.03 grains/m) compared with control neurons (0.22 Ϯ 0.02 grains/m; p Ͻ 0.001; Fig. 6 B) . The cells were not permeablized before incubation with 125 I-BTX, so the number of sites can be taken as a measure of the receptor density on the surface membrane.
Neuregulins enhance presynaptic ACh action
In approximately one-third of the neurons tested, ACh-evoked inward currents were followed by a shower of PSCs (Fig. 7) . The PSCs often were superimposed on a more or less steady depolarization associated with a large increase in baseline fluctuations. The mean amplitude of the PSCs during the ACh-induced barrage was greater than that of the spontaneous PSCs that preceded the ACh pulse, so they probably represent multiquantal synaptic responses. Radcliffe and Dani (1998) observed an increase in the amplitude of synaptic responses after application of nicotine, and paired pulse analysis was consistent with the suggestion that nicotine increased quantal release. In our experiment, the frequency of PSCs was also increased, but we cannot be sure what fraction of the total represented true, single quantal spontaneous PSCs. The showers were blocked completely by low doses of TTX.
In several neurons, sharp spikes followed ACh application in addition to the small PSCs (Fig. 8 A) . Such spikes probably reflect action potentials that arise in unclamped receptors of the dendritic tree. As expected, external Ca 2ϩ was required for AChevoked PSCs. Depletion of external Ca 2ϩ abolished ACh-evoked PSCs in both control and NRG1-␤1-treated groups (n ϭ 11).
Coapplication of NMDA and non-NMDA glutamate receptor antagonists, 30 M CNQX plus 50 M APV, reduced or eliminated the ACh triggered PSC shower in 12 of 15 neurons tested (Fig. 8) . The effect of the GABA antagonist 10 M bicuculline was not consistent. In some cells, the PSC shower was partially decreased. In a few cells, the PSC shower was enhanced. We conclude that most of the inward PSCs are mediated by glutamate, but GABAergic PSCs are also triggered by ACh application. Bicuculline enhancement of the PSC shower may be attributable to block of GABAergic presynaptic inhibition.
MLA completely abolished the ACh-evoked shower of PSCs in only 4 of 13 neurons tested. This ␣7-specific antagonist reduced but did not eliminate the PSC shower in 7 of 13 neurons tested. In two cases, the response was not reduced at all. We conclude that non-␣7-as well as ␣7-containing ACh receptors are involved.
NRG1-␤1 treatment more than doubled the percentage of large neurons that exhibited showers of PSCs after application of ACh (control, 32%; n ϭ 117; treated, 74%; n ϭ 90). The effect was evident after 2, 3, or 4 d of treatment (Fig. 9) .
TTX at 1 M completely blocked ACh-evoked PSCs (Fig. 10) , and a significant effect was observed at 2 nM. Thus the AChevoked transmitter release depends on activation of voltagedependent sodium channels and presumably voltage-dependent Ca 2ϩ channels. In any case, it seems clear that Ca 2ϩ influx through ACh channels at or near the synaptic terminal is not sufficient to trigger transmitter release.
NRG1-␤1 (5 nM) treatment for 2-3 d resulted in an almost twofold increase in the size of ACh-evoked PSCs. The mean amplitudes of PSCs for control and NRG1-␤1 groups were 173 Ϯ 30 pA (mean Ϯ SEM from 20 neurons) and 319 Ϯ 61 pA (mean Ϯ SEM from 28 neurons), respectively. A typical example is shown in Figure 11 .
We found no evidence for a change in postsynaptic receptor sensitivity (quantal size) after NRG1-␤1 treatment. Glutamate and GABA receptor activity were assayed indirectly by measuring PSCs in the presence of bicuculline and CNQX plus APV, respectively. As shown in Table 1 , the amplitudes of PSCs in control and NRG1-␤1 treatment, detected before application of ACh, were similar in all conditions. It is possible that some of the spontaneous PSCs were in fact triggered by axonal spikes. However, TTX did not alter the mean amplitude of the PSCs (49.5 Ϯ 6.6; n ϭ 5).
The frequency of PSCs, averaged over a 2 sec interval after ACh application, was not obviously changed by NRG1-␤1 treatment. Transient increases in frequency may have been undetected in the 2-sec-long average.
DISCUSSION
Neuregulins increase ␣7 responses in GABAergic neurons
The NRG1-␤1-induced increase in peak ACh current was accompanied by an increase in the number of 125 I-BTX binding sites in unpermeablized cells, so the simplest explanation for the physi- ological effect is that NRG increased the number of surface membrane ␣7 AChRs. It remains to be determined whether the increase in receptor number is attributable to an increase in the expression of AChR genes, as is the case at the neuromuscular junction (Harris et al., 1988) , or whether it is attributable to insertion of receptors into the surface membrane from a relatively large intracellular pool (Stollberg and Berg, 1987) .
Our first experiments suggested that large ACh currents (Ͼ500 pA) were generated in GABA-containing cells. Only ϳ10% of the neurons in our cultures exhibited such large responses after rapid application of ACh, and nearly all of the responsive cells were relatively large. Likewise, Ͻ10% of the neurons contained GABA-like immunoreactivity, and nearly all of the intensely labeled cells were large. Double-labeling experiments confirmed that ␣7 AChRs and GABA were expressed in the same neurons.
Similar reasoning suggests that the GABA-containing, AChsensitive cells in vitro correspond to GABAergic interneurons in the intact hippocampus. Only ϳ10% of the neurons in the hippocampus are inhibitory interneurons (Olbrich and Braak, 1985; Freund and Buzsaki, 1996) . Moreover, GABAergic interneurons in hippocampal slices are extremely sensitive to ACh Frazier et al., 1998b; McQuiston and Madison, 1999) . Relatively rapid ACh responses in slices are blocked with the ␣7-specific ligand BTX (Freedman et al., 1993 , Frazier et al., 1998b McQuiston and Madison, 1999) . Non-␣7 responses were recorded in a minority of the cells in our cultures, and the same appears to be the case in slices . Finally, there was a marked tendency of the ACh-sensitive neurons in our cultures to fire bursts of action potentials, and this is a characteristic feature of GABAergic interneurons in slices (Frazier et al., 1998a,b) . Recognizing the diversity of GABAergic interneurons in the intact hippocampus (Freund and Buzsaki, 1996; Parra et al., 1998; McBain and Fisahn, 2001) , we conclude that, as a class, GABAergic neurons are maintained under our culture conditions.
It should be noted that the ␣7-mediated currents recorded in our cultures were Ͼ10 times larger than ␣7 currents in slices, and they rose and fell more rapidly. This is not surprising, considering the high affinity of desensitized ␣7 AChRs for ACh, the speed of desensitization, and the favorable geometry afforded by mono- layer cell cultures allowing the U tube method of ACh application. However, it does point out the importance of avoiding receptor desensitization when assaying ␣7 responses.
Small-diameter neurons, which made up the great majority of nerve cells in our cultures, may be in vitro correlates of principle neurons in vivo. The cell bodies of dentate granule cells measure only 10 -12 m across. However, the small designation also is a function of time in culture and the culture environment. These cells displayed small ACh currents or none at all, and they were rarely labeled by 125 I-BTX. A higher percentage of the small neurons were labeled with the anti-␣7 antibody. The cells were permeablized before antibody application, so the antibodies detected AChRs in the intracellular pool as well as the surface membrane. Few, if any, pyramidal neurons in hippocampal slices exhibit fast MLA-sensitive nicotinic ACh responses Frazier et al., 1998a; McQuiston and Madison, 1999) .
Neuregulins enhance presynaptic ACh responses
The effect of NRG1-␤1 on presynaptic nicotinic AChRs results in a large increase in transmitter release that is probably attributable to an increase in the number of quanta released by presynaptic nerve impulses. There was a clear increase in the amplitude of PSCs during the ACh-evoked shower, and there was also an increase in the percentage of neurons that exhibited PSC showers. It is unlikely that postsynaptic modulation of glutamate receptor density or receptor function by neuregulin contributed to the observed increase in PSC amplitude. There was no change in the smallest PSC amplitude recorded in the presence of GABA receptor antagonists or glutamate receptor antagonists. In fact, no showers of PSCs after ACh application were detected in the presence of TTX. Thus, it seems likely that NRG increased the mean quantum content of evoked transmitter release. It will be important to define the stage in excitation-secretion coupling affected by NRG.
The PSC shower was abolished in low-Ca 2ϩ solutions. Ca 2ϩ -dependent glutamate release might be activated by Ca 2ϩ entry through ␣7 ACh channels in addition to entry through voltagegated Ca 2ϩ channels. Our data suggest that this is not the case, however, because PSC showers were abolished by 1 M TTX. We conclude that Ca 2ϩ entry through nAChRs at sites of transmitter release is not sufficient.
Our finding that ACh increased transmitter release in heterogeneous hippocampal cultures is not unexpected. Transmitter release after activation of presynaptic nicotinic AChRs has been described in cell cultures, in brain slices, and in synaptosome preparations (McGehee and Role, 1996; Role and Berg, 1996; Albuquerque et al., 1997; Wonnacott, 1997) . Our pharmacological experiments indicate that most of the ACh-evoked PSCs are mediated by glutamate. This presents a puzzle, because small neurons, presumably glutamatergic in our cultures, were not very sensitive to ACh. Several explanations can be offered. The small neurons are undoubtedly heterogeneous. It may be that a subpopulation of glutamatergic neurons is more sensitive to ACh than the others. Approximately 30% of the small neurons were, in fact, labeled by ␣7 antibodies. Alternatively, it may be that the density of AChRs is higher at nerve terminals than at the perikarya. Finally, a low AChR density, comparable with that present in the somal membrane, might suffice to depolarize small nerve terminals. In any case, it will be important to test, more directly, the possibility that NRG upregulates AChRs at nerve terminals within the CNS. We have focused on glutamatergic terminals, but we did note bicuculline-sensitive PSCs, and an effect of ACh on GABA release has been reported in hippocampal slices . Neurons were dissociated from P5 rat hippocampus and cultured for 7-9 d. After recording the control responses (no antagonist), neurons were superfused with CNQX plus APV or with bicuculine containing extracellular solution. The amplitude of PSCS was recorded for 2 sec. Holding potential, Ϫ70 mV.
Neuregulins and their receptors
The effect of NRG1-␤1 was measured after exposure to a concentration of 5 nM. A small but significant effect on 125 I-BTX binding was observed after exposure to 1.0 nM. Complete doseresponse curves must be constructed to determine the ED 50 and the maximal response, but it is already clear that the effect of ␤1 NRG on AChRs in hippocampal neurons is less potent than its effect on muscle AChRs. In muscle the half-maximal effective dose is 20 -50 pM (Falls et al., 1993) , a dose that is comparable with that observed in studies of Schwann cell proliferation (Dong et al., 1995; Goodearl et al., 1995) and in binding to breast cancer cells (Holmes et al., 1992) . Different potentcies of NRGs on muscle and nerve cells may reflect different combinations of ErbB receptors. At the neuromuscular junction, erbB2 and erbB4 are localized in the depths of the secondary folds of the postsynaptic muscle membrane. ErbB3 is most concentrated in the overlying Schwann cell (Trinidad et al., 2000) . NRG could act directly on the ErbB4 receptors of the large GABAergic interneurons, because ErbB4 has recently been identified in hippocampal inhibitory interneurons (Garcia et al., 2000; Huang et al., 2000) . But other erbBs have not been sought.
It is also possible that other NRG isoforms may be more potent. Products of the NRG2 and NRG3 genes are expressed in the hippocampus (Carraway et al., 1997; Zhang et al., 1997 ), but they have not yet been assayed. Moreover, adjacent parts of the NRG molecule may alter potency of the EGF-L domain within a given subclass.
In IPN neurons, a twofold effect on ACh-induced currents was observed after treatment with 100 pM neuregulin. In this case, the EGF-like ␤1 domain was added in the presence of agents that increased cAMP (Wietasch, 1997) . Neuregulins modulate nicotinic AChRs on sympathetic neurons. Media collected from cells transfected with a type II ␤1-NRG neuregulin isoform that contained a cysteine-rich domain (in place of the Ig-like domain) N-terminal to the EGF-like domain stimulated the synthesis of AChRs approximately twofold, whereas type 1 ␤1-NRG did not (Yang et al., 1998) . However, it is not clear what part of the type II NRG was recovered in the cell-conditioned medium, because recent studies indicate that the cysteine-rich domain is intracellular. Interestingly, in the study of IPN neurons, no effect on ACh-induced currents was observed after application of the fulllength extracellular domain of NRG1 (Wietasch, 1997) . We do not know whether the differences reported in this study and that of Yang et al. (1998) are attributable to differences in potency or to differences in efficacy between ␤1 isoforms.
Physiological implications
Upregulation of nicotinic receptors might increase inhibition in the hippocampus by enhancing the ability of septal cholinergic afferents to activate GABAergic interneurons. Early electron microscopic autoradiography showed that ␣-BTX binding sites are located precisely at synaptic complexes (Hunt and Schmidt, 1978) . Those authors suggested that the postsynaptic partners might be dendrites of interneurons in the stratum oriens. Also, cholinergic terminals have been identified on somata and dendrites of relatively large GABAergic neurons in the stratum radiatum of the CA3 region (Frotscher, 1989) , as well as dentate gyrus (Dougherty and Milner, 1999) of the hippocampus. A synaptic localization of ␣7 subunits is suggested in our experiments. Figure 4 shows that hot spots of rhodamine-BTX are located on GABA-containing neurites (Fig. 4, inset) . Most directly, EPSCs have been recorded in hippocampal interneurons (striatum radiatum of CA1) that are reduced significantly by BTX and MLA (Frazier et al., 1998b; but see McQuiston and Madison, 1998) .
Neuregulin might also enhance GABAergic action by enhancing the excitatory drive provided by retrograde connections from intrinsic pyramidal neurons or anterograde connections from the cortex. Additional experiments with higher-resolution probes are needed to more precisely localize presynaptic AChRs. It should be noted that no anatomical or physiological evidence has been presented for axo-axonic synapses on interneuron terminals in the hippocampus.
Further studies are important because GABAergic interneurons exert a profound influence on hippocampal circuits (Freund and Buzsaki, 1996; Jones and Yakel, 1999; McBain and Fisahn, 2001) . Changes in inhibitory drive might affect activitydependent changes in synaptic efficacy. Interestingly, a recent report indicates that ␤1-NRG inhibits long-term potentiation in hippocampal slices (Huang et al., 2000) . In this case, the effect was observed within a few minutes of application.
